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Introduction
Diffusion tensor imaging (DTI) has provided much evidence of age-related changes in human brain white matter (WM) microstructure, see e.g. (Salat, et al., 2005,Sullivan and Pfefferbaum, 2006) .
Lower fractional anisotropy (FA) and higher water mean diffusivity (MD) have been consistently detected in several white matter regions, suggesting alteration of WM microstructure in healthy aging, even when concomitant volume declines are not detectable (Coutu, et al., 2014 ,Madden, et al., 2012 ,Sullivan and Pfefferbaum, 2006 . DTI analysis has suggested that the primary neurobiological mechanism associated with age-related degeneration in WM is a decline in the structural integrity of myelin (Wozniak and Lim, 2006) . This hypothesis was corroborated by histological analyses performed in the rhesus monkey as well as in human post-mortem samples,
showing that age-related alterations in the structure of myelin sheaths precede the loss of myelinated nerve fibers (Murray, et al., 2012 ,Peters, 2002 ,Peters and Kemper, 2012 ,Sandell and Peters, 2003 . Other studies have suggested that selective axonal loss occurs in healthy aging, providing evidence of "resilience" of thick axons with thick myelin, combined with the loss of thin, poorly-myelinated axons (Marner, et al., 2003 ,Tang, et al., 1997 . Ex vivo studies also pointed out that, despite alterations in the myelin sheaths, only a few nerve fibers showed axonal degeneration (Peters and Sethares, 2002) . While FA is a sensitive marker for WM injury without specificity for axonal injury or demyelination, it has been suggested that increases in radial diffusivity and decreases in axial diffusivity correlate with demyelination processes and axonal damage, respectively (Song, et al., 2002 ,Wang, et al., 2014 . Support for this hypothesis was also provided by histological analysis (Budde, et al., 2009 ,Hofling, et al., 2009 ,Kim, et al., 2006 . Although DTI metrics are potentially sensitive measures of alterations in tissue microstructure, they are indirect measures of tissue integrity. Since DTI reflects the molecular diffusion of water, which is present in all tissue compartments, it is influenced by several microstructural factors that affect both the intraas well as the extracellular space, including myelin and axonal density, membrane integrity and axonal orientation dispersion (Beaulieu, 2002 ,Douaud, et al., 2011 . As a consequence, the interpretation of DTI metrics based on the neurobiological mechanisms that determine their values is challenging. The interpretation of DTI data is further complicated by the local architecture of WM tracts. For example, in the case of crossing fibers, the major axis of the tensor model may not be parallel to the myelinated axons, the many separate tracts which propagate within the DTI voxel result in low local FA values (Pierpaoli, et al., 2001,Wheeler-Kingshott and Cercignani, 2009 ).
Diffusion-weighted
1 H magnetic resonance spectroscopy (DW-MRS) provides structural information exclusively related to the intracellular space by probing the diffusion properties of intracellular metabolites, such as total N-acetylaspartate (tNAA = N-acetylaspartate + N-acetyl aspartyl glutamate), total creatine (tCr = creatine + phosphocreatine), and choline compounds (tCho) (Nicolay, et al., 2001 ,Posse, et al., 1993 . The distribution of these metabolites across different cell types in the brain makes DW-MRS not only compartment-specific, but also specific or at least preferential for different cell types (Choi, et al., 2007 ,Le Belle, et al., 2002 ,Urenjak, et al., 1993 . NAA and NAAG are known to be present almost exclusively inside neurons, and in white matter they are exclusively intra-axonal. tNAA diffusion properties in white matter are therefore solely dictated by the structural properties of intra-axonal components and by the properties of the intra-axonal medium, thus providing a specific marker to the axonal contribution to WM degeneration. Soluble Choline compounds are located mainly in glial cells (Choi, et al., 2007 ,Le Belle, et al., 2002 ,Urenjak, et al., 1993 and thus their diffusion properties report on structural changes in glia, resulting from, for example, inflammation (Ercan, et al., 2016) . Creatine and phosphocreatine are present in both tissue types and are tightly linked to cell energetics through the creatine kinase cycle (CK), and it has been shown that increase in energy demand modulates the diffusion coefficient of total creatine (Branzoli, et al., 2013) . Previous observations have provided strong evidence for the important physiological role of the CK system for normal brain function, and suggested that energy dysfunction processes are crucially related to cell death not only in neurodegenerative disorders but even in normal aging (Andres, et al., 2008) . So far, DW-MRS has been applied to study normal aging (Zheng, et al., 2012) as well as disease pathophysiology in brain tumors (Colvin, et al., 2008 ,Harada, et al., 2002 , acute cerebral ischemia (Harada, et al., 2002 ,Zheng, et al., 2012 , multiple sclerosis (Wood, et al., 2012) , psychiatric disorders (Du, et al., 2013) , and mitochondrial cytopathies (Liu, et al., 2011) . Here we employed DW-MRS in combination with DTI in order to separately detect and quantify intra-axonal damage and demyelination in healthy aging in the anterior body of the corpus callosum (CC). The integrity of the CC plays a crucial role in cognitive and motor decline, since processes involved in crosshemispheric information exchange depend on the integrity of the callosal fibers (Banich, 1998,Reuter-Lorenz and Stanczak, 2000) . Differences in the DTI metrics measured in the corpus callosum of healthy elderly have been reported in several DTI studies, yet the underlying biological mechanisms for these changes are still unknown (Billiet, et al., 2015 ,Fling, et al., 2011 ,Teipel, et al., 2010 . In addition, the CC is a prominent white matter structure that is easy to identify on MRI images, and thus positioning of the volume of interest (VOI) for DW-MRS experiments in a consistent manner across subjects is relatively straightforward. The morphology of the CC allows a relatively easy estimate of the pure intra-axonal tNAA diffusivity, as well as accurate volumetric measurements, of interest as macroscopic correlates of the microstructural indices derived from the DW-MRS and DTI experiments.
In this study, we used DTI and DW-MRS to measure the diffusion properties of water, tNAA, tCr, and tCho in the CC of healthy elderly and young subjects at 7T. We combined the information from these two MR tools to discriminate between age-related myelin alterations and possible concomitant axonal or glial structural changes, and to obtain insight into possible cell energy alterations in normal aging. For an unbiased estimation of the intra-axonal diffusivity of tNAA, we analyzed the DW-MRS data using a model that provides the cytosolic diffusion coefficient of tNAA, free from confounds stemming from the curvature of the CC within the VOI and from microscopic fiber orientation dispersion (Ronen, et al., 2014) . 
MRI/MRS protocol
Anatomical images: A short survey scan and a sensitivity encoding (SENSE) reference scan were followed by a 3D T 1 -weighted gradient echo acquisition to allow for accurate planning of the spectroscopy volume of interest (VOI). Imaging parameters were: field-of-view (AP, FH, LR):
246.4x246.4x174.0 mm 3 , resolution 1x1x1 mm 3 , TR/TE = 4.7 ms/2.1 ms.
DTI protocol: Multi-slice single-shot 2D spin-echo echo planar imaging (EPI) was performed with the following data acquisition parameters: 60 slices of 2 mm thickness, TR/TE = 9100 ms/58 ms, field of view of 224×224×120 mm 3 with an in-plane data matrix of 112×112, resulting in a data set with resolution of 2×2×2 mm 3 , 15 diffusion weighting directions with b = 1000 s/mm 2 . Fat suppression was performed using spectral inversion recovery (SPIR). Parallel imaging was performed using SENSE with a reduction factor of 3 along the phase encoding direction (AP). directions, respectively. 32 spectra were acquired for each direction and b value. Water suppression was applied using a frequency selective excitation pulse followed by a dephasing gradient before metabolite excitation. The water signal was only partially suppressed to allow for a sufficient residual water signal for individual phasing of each spectrum. Non-water suppressed spectra were acquired under similar conditions for eddy current corrections. The total duration of the DW-MRS protocol was approximately 15 minutes.
DW-MRS protocol:

Post-processing and analysis
Image processing: T 1 -weighted images were used for tissue segmentation within the VOI, and further processed in FreeSurfer (http://surfer.nmr.mgh.harvard.edu/) to calculate the intracranial volume, total brain volume, and CC volumes for each subject. To evaluate the callosal atrophy due to aging, the CC volumes were normalized according to the intracranial volume of the same subject.
The maps of the main eigenvector (e 1 ) were derived and confined to the VOI using MIPAV (Medical Image Processing, Analysis and Visualization) software, JIST (Java Image Science Toolbox) and in-house developed MATLAB® codes (Mathworks Inc., Natick MA, USA) as described in (Wood, et al., 2015) . These maps were used in the modeling procedure described below.
Average DTI volumes were motion corrected with ExploreDTI, and DTI metrics were derived using the DTI toolbox of the FMRIB Software Library (FSL release 5.0, http://www.fmrib.ox.ac.uk/fsl/). The DTI metrics were further analyzed with tract based spatial statistics (TBSS) (Smith, et al., 2006) . Statistical differences between older and younger subjects
were assessed in FA-MNI152 standard space using 5000 permutations and were corrected for multiple comparisons based on threshold-free cluster enhancement (Winkler, et al.) . Three young and one old volunteer were excluded from TBSS analysis due to the poor registration to FA-MNI152. T 1 -volumes were registered to MNI152 space first by affine transformation using FSL FLIRT (Jenkinson, et al., 2002,Jenkinson and Smith, 2001) , and then by a non-rigid registration using FNIRT (Andersson, et al., 2010) . The same transformation matrices were then used to register the DW-MRS VOI to the MNI152 standard space.
DW-MRS processing:
The diffusion-weighted spectra were quantified using LCModel (Provencher, 2001 ) using an appropriate basis set. Diffusion coefficients for tNAA in the two gradient directions, D (0,0,1) (tNAA) and D (1,1,0) (tNAA), were estimated by fitting the tNAA peak estimates from
LCModel to monoexponential decay functions as shown for one subject in Figure 2 . D (0,0,1) (tCr), D (1,1,0) (tCr), and D (0,0,1) (tCho), D (1,1,0) (tCho) were estimated similarly. The cytosolic diffusion coefficient of tNAA, D(tNAA), was estimated by fitting the tNAA LCModel data to a model described in detail in (Ronen, et al., 2014) . Briefly, the model assumes the tNAA to be exclusively intra-axonal, and the axons to be curved cylinders with a known diameter distribution (Aboitiz, et al., 1992) . The effect of the macroscopic curvature of the CC within the VOI on the diffusionweighted data in both diffusion weighted directions is accounted for by using the distribution of angles between the main eigenvectors e 1 of the DTI data and the diffusion weighting directions. The experimental data is fitted to the model using two fitting variables: D(tNAA), which is independent of the curvature of the tract within the VOI, and the microscopic axonal angular dispersion φ, which describes the average fanning of individual axons about the main propagation direction within a DTI voxel. Student t-test were performed in order to evaluate possible statistical differences between the two groups. The significance level was set to p = 0.05. Table 1 summarizes the demographic characteristics of young and healthy elderly subjects, as well as the average voxel tissue composition of the two groups, and the CC normalized volumes. Small, not statistically significant differences, were observed between the two groups in the WM fraction (young subjects: WM fraction ~ 64%, elderly subjects: WM fraction ~ 68%) and CSF fractions (young subjects: WM fraction ~ 29%, elderly subjects: WM fraction ~ 24%), while differences in GM fraction were negligible (GM fraction ~ 8% in both groups). However, when the WM and GM fractions were normalized over the brain tissue percentage (100 -CSF(%)), no differences could be observed in the tissue composition (WM ~ 90%, GM ~ 10% in both groups). The difference in normalized callosal volume between the two groups was not statistically significant (p = 0.11). T 1 -weighted image, and the cumulative DW-MRS VOI (i.e. the sum of all the VOIs for each patient, following the transformation to MNI152 coordinates). Significantly lower FA, higher MD and higher radial diffusivity (RD) in the older subjects group compared to the younger subjects group were found throughout white matter, including within the DW-MRS VOI. In contrast, no significant differences in AD were measured in the VOI.
Results
Examples of diffusion-weighted spectra acquired in one subject with diffusion gradients applied in the directions parallel and perpendicular to the CC fibres at low and high b values are shown in Figure 1 . The signal decay induced by the diffusion weighting in the direction parallel to the callosal fibres was much steeper than when the gradient was applied in the direction perpendicular to the fibres. This is due to the fact that the molecular motion along the axonal direction is essentially unrestricted, as opposed to the motion perpendicular to the axonal membrane. The linewidth of tNAA was ~ 12 Hz, and the Cramer-Rao lower bound (CRLB) was < 15 % for all diffusion weighting conditions for tNAA and tCr, and < 20% for tCho. The tCr axial diffusion coefficient D (0,0,1) (tCr) was found to be smaller in healthy elderly subjects (p = 0.058), while the other tCr diffusion parameters did not change between the two groups.
None of the tCho diffusion properties was found to differ significantly between the two groups. Table 2 summarizes the results for metabolite diffusion parameters in young and healthy elderly subjects.
Discussion
In this study we used a combination of tools sensitive to the microstructural features of neural tissue to investigate age-related changes in normal-appearing white matter in healthy aging. The novel feature we introduced here is the incorporation of DW-MRS, a compartment and cell-type measure for specific alterations in the intracellular space of axons and glia. The observed differences in water MD (higher in older adults) and in water FA (lower in older adults) in the CC are consistent with previous studies suggesting the onset of demyelination processes in the seventh decade of age or later in healthy elderly (Salat, et al., 2005,Sullivan and Pfefferbaum, 2006) . The estimated water RD values were found to be greater in elderly subjects, while no significant differences in the water AD were observed in the DWS voxel, also in accordance with literature reports (Burzynska, et al., 2010 ,Coutu, et al., 2014 ,Madden, et al., 2012 . The observed differences in water diffusion properties of the elderly cannot be solely related to a loss of axonal fibers leading to an increase in the extracellular space, since the older adults did not show evidence of severe atrophy of the CC, as expected in subjects in this age range (60-70 years), and the differences in callosal volumes were below the threshold of statistical significance. In some previous studies the DTI results were interpreted as a consequence of the fact that in healthy aging demyelination processes are dominant with respect to other possible microstructural WM damages such as disruption of intra-axonal components, based on the hypothesis that water AD changes should reflect ongoing intra-axonal damage (Madden, et al., 2012) . However, the assumption that the water AD can be unequivocally associated with degeneration processes occurring in the intra-cellular space as suggested previously (Hofling et al., 2009) seems to be rather simplistic if the complexity of fiber organization is taken into account. Even in a region of the WM such as the CC where areas with no macroscopic intersection of fiber bundles can be isolated, the presence of microscopic fiber bending and fiber crossing makes the interpretation of the AD parameter more complicated, since it may also be susceptible to demyelination effects (Ronen et al., 2013a; Wheeler-Kingshott and Cercignani, 2009 ).
The hypothesis that water AD alone cannot be interpreted as reflecting purely intra-axonal changes was recently suggested in a study by Wood et al., where an increase in water AD and a concomitant decrease in tNAA axial diffusivity were observed in the CC of multiple sclerosis (MS) patients using a methodology similar to the one presented here. In Wood et al., the diffusion tensor of tNAA was calculated to yield, among the other metrics, the axial diffusivity of tNAA. Although this measure could be partially affected by the macroscopic curvature of the CC in the spectroscopic VOI, as well as by the microscopic axonal misalignment in the DTI voxel, an opposite trend was observed in water and tNAA axial diffusivity, showing that these two metrics are not markers of the same biological processes. This point is further emphasized by the confirmation here of the existence of significant axonal misalignment (φ ~ 12 deg), already shown by DW-MRS and histology (Ronen et al., 2013a) , and known to affect DTI measurements as well (Sotiropoulos, et al., 2016 ).
In the current study, we estimated the cytosolic tNAA diffusion coefficient within axons, which is not affected by the interactions with the cellular walls, or by fiber geometry, and it is thus a pure measure of intra-axonal integrity. Our results are the first to show a decrease in D (0,0,1) (tNAA), as well as a decrease in D(tNAA), in an elderly population; however, the results did not reach statistical significance. These differences, if confirmed, may be related to the presence of structural disruptions associated with axonal degeneration, or pruning of thinner axons, and the very small effect is in line with the fact that our group included healthy aging subjects in the seventh decade.
The population size in this study was similar to that in a previous DW-MRS study in MS that investigated axonal differences in normal appearing white matter in the CC (Wood, et al., 2012) . In both studies, significant effects on DTI measures such as FA and RD were detected. In our current study, an optimized acquisition scheme was employed that corrects for inter-subject variability in the CC curvature using a previously demonstrated model. Yet, the differences in D(tNAA) in the CC between the two age populations were negligible. Our results suggest that the intra-axonal damage in the CC of healthy subjects in this age range is small (<10%), in line with the results derived by Peters and Sethares in 2002 from histological measurements in normally-aging macaques, and supporting the idea that cognitive impairments are more strongly associated with axonal integrity rather than with demyelination processes (Sandell and Peters, 2003) .
The creatine axial diffusivity D (0,0,1) (tCr) was found to be lower in healthy elderly subjects compared to younger controls but this finding did not reach statistical significance (p = 0.058).
This finding may be linked to the processes involving adenosine triphosphate (ATP) production and utilization in the brain, which are closely connected to the conversion of PCr to Cr through the CK cycle (Wallimann, et al., 1992) . By enabling saltatory conduction, myelination is also thought to reduce ATP consumption and, in turn, to be related to axonal energy balance (Saab, et al., 2013) . A lower ATP production rate in aging brains was further corroborated by a study using phosphorus MRS at 7T (Zhu, et al., 2015) . Recent studies have convincingly shown that glial cells, especially oligodendrocytes at the axonal level and astrocytes at the synaptic level, supply lactate to neurons as a metabolic substrate for mitochondria to generate ATP, and that this process is altered by demyelination (Saab, et al., 2013) . The demyelination processes affecting the white matter of healthy elderly subjects may, therefore, be indirectly reflected in abnormalities in the diffusion of tCr as a consequence of an impaired energy metabolism, possibly yielding an increase in the PCr/Cr ratio, or a dysfunction in the trafficking of these metabolites between glia and neurons (Andres, et al., 2008) .
Taken together, our results on tNAA and tCr diffusion support the hypothesis that the two major oligodendrocyte functions of myelination and axonal support are distinct, as suggested by a previous study where no perturbation of axonal integrity was observed in a model of truly dysmyelinated mutant mouse (Griffiths, et al., 1998) .
The high specificity of MRS techniques is provided at the cost of an intrinsic low signal-to-noise ratio (SNR), which is further exacerbated by the addition of diffusion weighting and error propagation in the calculation of diffusion measures. The reproducibility of the model employed here for calculating metabolite diffusion metrics was tested previously in a study investigating the inter-and intra-subject variability of both empirical and modelled diffusion properties of tNAA, and evaluating the optimized protocol to be used in clinically relevant acquisition times in the same region of interest (Wood, et al., 2015) . The acquisition scheme employed in this study was carefully evaluated following the guidelines reported in Wood et al. 2015 . Power calculations in the same study showed that, based on the suggested acquisition scheme, at 7T the minimum number of subjects in each group necessary to detect a 10% difference in D(tNAA), ADC(tNAA) and ADC(tCr) between two groups is 13, 12, and 7, respectively. The acquisition scheme employed in the current study is expected to give less variability than the one in (Wood, et al., 2015) , as it employs similar number of averages with one more b-value. This emphasizes the accuracy and reproducibility of DW-MRS measurements at 7T.
One of the limitations of this study is that, due to the non-negligible chemical shift displacement related to the relatively long refocusing RF pulses in the PRESS sequence, the VOI localization was optimized for tNAA, but not for tCr. Therefore, D (0,0,1) (tCr) may be contaminated by D (1, 1, 0) (tCr) to a larger extent than in the case of tNAA, due to the imperfect alignment of the VOI with the fibers.
Another limitation is the impossibility of excluding completely grey matter contamination from the VOI, due to the shape of the corpus callosum and the minimum size of the VOI required to achieve a reasonable spectral signal-to-noise ratio. Although an average fraction of GM of about 8 % was present in the VOI of both young and elderly, it is very likely that this may introduce a small bias in the estimation of the metabolite diffusion properties, albeit without affecting the comparison between groups. Additional factors that may have impacted on the statistical significance of our results, and that should be improved in future studies, are the relatively small number of subjects who were recruited, the sub-optimal resolution for the DTI acquisition employed due to time constraints, and the localized spectroscopy method used. Improvements to the latter could be implemented using, for example, a diffusion-sensitized semi-localized by adiabatic selective refocusing (SEMI-LASER) technique that would result in a reduced chemical shift displacement (Scheenen et al.) and B 1 field inhomogeneity compared to the PRESS technique. Although 7T allows higher SNR and higher resolution, due to the limited time allowed for this study the DTI resolution was sacrificed in order to allow enough time for an optimized DW-MRS acquisition and the other scans included in the protocol.
Conclusion
In this work we explored age-related microstructural changes in the corpus callosum in vivo with an approach that combines diffusion tensor imaging (DTI) with diffusion-weighted MRS (DW-MRS)
at ultrahigh field. The combination of the overall sensitivity to microstructural changes provided by DTI, and the specificity of DW-MRS to the intracellular space, provides a unique possibility for invivo characterization of subtle compartment-specific changes in tissue microstructure in normal aging. Furthermore, the specificity or preferentiality of certain metabolites to either neurons/axons or to glia endows this approach with an additional level of characterization, unmet by other MRbased methods. Our results show that the intra-axonal microstructural changes as measured by tNAA diffusivity, if present, are below the level of detectability with our DW-MRS protocol in healthy elderly in the age range investigated, suggesting that the intra-axonal integrity is mainly preserved in this population. This result requires confirmation in further studies employing larger population groups for establishing subtle differences in these intracellular measures. Abnormal changes in the tCr diffusivity may be interpreted as a reduction in the energy metabolism related to an ongoing CK dysfunction and coupled to myelin synthesis and transport. Further experiments are nevertheless needed to corroborate this hypothesis. Our findings will be substantiated with preclinical studies of animal models of disease combined with histology for comparison of DW-MRS metrics with a gold standard. Table 2 : tNAA, tCr, and tCho group average diffusion properties and standard deviation of the microscopic axonal orientation distribution measured in the spectroscopic voxel. Values are the mean ± standard deviation. Cumulative VOIs chosen for DW-MRS are shown in yellow.
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